IMPORTANCE Robust laboratory use data are lacking to support the general assumption that teaching hospitals with trainees routinely order more laboratory tests for inpatients than do nonteaching hospitals.
I t is often assumed that trainees at academic medical centers routinely order more laboratory tests for inpatients compared with more experienced physicians. Resident physicians may order more laboratory testing for many different reasons, including lack of nuanced knowledge about when a laboratory test may or may not be indicated, supervisors who are more likely to criticize missing morning laboratory test results rather than extra tests, and a lack of oversight and cost transparency.
1-4 A significant proportion of inpatient laboratory tests are unnecessary, 5 potentially harmful, 6 and contribute to rising health care costs across the United States.
7
Prior studies at single academic medical centers have shown that teaching services ordered more laboratory testing 8 and had higher mean laboratory costs 9 compared with nonteaching services. A national retrospective database study found increased use of resources by supervised residents vs attending physicians alone in the emergency department setting. 10 However, there is little direct evidence to support that this pattern of increased laboratory testing by trainees is truly a widespread phenomenon, particularly when accounting for the additional testing that may be warranted owing to inpatients with increased severity of illness at academic medical centers.
We sought to use a large statewide all-payer database to quantify differences between teaching and nonteaching hospitals in mean laboratory tests per day stratified by severity of illness. We chose to analyze patients hospitalized with bacterial pneumonia or cellulitis, since patients with these conditions are frequently admitted at both teaching and nonteaching hospitals, and specialized laboratory testing is generally not required for these conditions.
Methods

Data Source
We used the Texas Inpatient Public Use Data File (TIPUDF) to analyze all adult inpatient hospital discharges with a principal diagnosis of bacterial pneumonia or cellulitis from January 1, 2014 1, , to June 30, 2015 . The TIPUDF has a defined principal diagnosis field, which is the documented principal diagnosis at the time of discharge for that hospitalization. The TIPUDF is a billing-level administrative statewide data set maintained by the Texas Department of State Health Services.
11
The TIPUDF captures 93% to 97% of all hospital discharges in the state and includes detailed deidentified inpatient discharge data on the demographic, clinical, resource use, and outcome domains from state-licensed hospitals. The TIPUDF allows up to 25 different diagnoses to be recorded for each hospitalization. This data set has been used in multiple prior studies. 12, 13 This study was approved by The University of Texas at Austin Office of Research Support. Informed consent was not obtained because the data were from deidentified and previously collected administrative data.
Inclusion Criteria and Study Population
We identified hospitalizations with a principal diagnosis of bacterial pneumonia (n = 24 118; International Classification of Diseases, Ninth Revision [ICD-9] codes 0382, 481, 485-6, 4820-4822, 4829, 48230-32, 48239, 48282-84, 48289, 48240-42, and 48249) or cellulitis (n = 19 211; ICD-9 codes 6822-26, 6828, and 6829) between January 1, 2014, and June 30, 2015. We excluded patients who were younger than 18 years of age, had an intensive care unit stay during the hospitalization, were transferred from another hospital, or had a length of stay (LOS) 2 SDs or higher than the condition's mean LOS. Because hospitalizations with a documented cancer diagnosis were disproportionately distributed among hospital types, we excluded hospitalizations with a diagnosis of cancer with a reportable tumor type, as defined by the National Institutes of Health. 14 We also excluded patients with a diagnosis of HIV and/or drug use, as these patients have restricted demographic data in the TIPUDF. We included hospitalizations from hospitals with at least 100 cases of each principal diagnosis during the study period and categorized each hospital into 1 of 3 types: major teaching hospital (defined as a member of the Association of American Medical Colleges' Council of Teaching Hospitals and Health Systems [n = 11]), minor teaching hospital (a hospital that is a teaching facility but is not a member of the Association of American Medical Colleges' Council of Teaching Hospitals and Health Systems [n = 12]), and nonteaching hospital (n = 73).
Outcome Measure and Covariates
Our primary outcome measure was mean laboratory orders per hospital day stratified by illness severity, defined as the sum of the individual units billed for laboratory revenue codes divided by LOS. We used a severity of illness subclass score from the All Patient Refined (APR) Diagnosis Related Group (DRG) from the 3M APR-DRG Grouper to stratify mean laboratory tests per day by severity of illness. 15 The score indicates the extent of physiological decompensation and incorporates all diagnoses, procedures, and some patient factors (age, sex, and discharge disposition) to calculate a number from 1 to 4 on a discrete scale (where 1 = minor, 2 = moderate, 3 = major, and 4 = extreme). This grouper has been used in previous studies to create subsets by severity of illness in inpatients. 16, 17 In regression and sensitivity analyses, we used an outcome of mean laboratory tests per day. We used a log link and γ distribution to account for wide variance and nonnormal distribution in mean laboratory tests per day. Fixed covariates included hospital type (major teaching, minor teaching, and nonteaching), severity of illness (APR-DRG severity of illness score), LOS, patient age, patient sex, patient race, patient ethnicity, payer, admission type, and discharge disposition. Hospital was included as a random effect to account for clustering of laboratory test ordering patterns within hospitals.
Statistical Analysis
Patient Population and Hospital-Level Comparisons All analyses were conducted using R, version 3.3.2 (Foundation for Statistical Computing) except for the generalized linear mixed effect models, which were fit using STATA, version 14.2 (StataCorp). Kruskal-Wallis rank sum and χ 2 tests were used to compare characteristics of hospitalizations across hospital type for each condition. We used 1-way analysis of variance tests to determine if mean laboratory tests per day, mean LOS, and mean illness severity varied by hospital type. We calculated Spearman ρ correlation coefficient (r s ) to examine the association between log mean laboratory tests per day for pneumonia and cellulitis.
Generalized Linear Mixed Effect Regression Analysis
We used the meglm function in STATA to create separate generalized linear mixed-effect regression models for each condition to determine if hospital type was associated with mean laboratory tests per day. We used the margins command to calculate the marginal effect of hospital teaching status on mean laboratory tests per day. We excluded hospitalizations with zero laboratory charges from the regression analysis (cellulitis, 16; and pneumonia, 80).
Sensitivity Analyses
We conducted sensitivity analyses by repeating the regression analyses under the following 3 alternative conditions: (1) only including patients with the lowest severity of illness score to address the concern that sicker patients more often go to teaching hospitals; (2) after excluding hospitalizations with a documented diagnosis of hyponatremia (ICD-9 code 2761), acute anemia (ICD-9 codes 2850-1, 2853, 2858-9, 28521-22, and 28529), or acute kidney injury (ICD-9 codes 5845-6 and 5848-9), since these conditions can lead to appropriate serial laboratory test monitoring; and (3) excluding hospitalizations from 1 major teaching hospital that was a major outlier in mean laboratory tests per day. We calculated mean laboratory tests per day in subsets by illness severity after excluding patients diagnosed with hyponatremia, acute anemia, or acute kidney injury, and after excluding 1 major teaching hospital outlier.
Results
Patient Population
We analyzed 24 118 patients hospitalized with the principal diagnosis of pneumonia and 19 211 patients hospitalized for cellulitis, across 11 major teaching hospitals, 12 minor teaching hospitals, and 73 nonteaching hospitals in Texas. The population of patients hospitalized varied by hospital type for each condition ( Table 1) . Major teaching hospitals were more likely than nonteaching hospitals to treat patients with pneumonia who had a higher illness severity, who were younger, black, non-Hispanic, uninsured, urgently admitted, and discharged home. Likewise, patients with cellulitis treated at major teaching hospitals were more likely to have a higher illness severity and be younger, black, uninsured, urgently admitted, and discharged to home when compared with patients with cellulitis treated at nonteaching hospitals. Table 2 and Figure 1 ). This association held for all levels of illness severity for both conditions, except for patients with cellulitis with an illness severity level of 4. When comparing major teaching and nonteaching hospitals, a patient with pneumonia at a major teaching hospital was estimated to receive an additional 4.29 laboratory tests per day (3.43 additional tests per day for illness severity level 1, 4.14 additional tests per day for level 2, 4.64 additional tests per day for level 3, and 3.86 additional tests per day for level 4), and a patient with cellulitis was estimated to receive an additional 3.14 laboratory tests per day (2.50 additional tests per day for illness severity level 1, 3.15 additional tests per day for level 2, and 3.63 additional tests per day for level 3). Of the 11 major teaching hospitals, 8 were above the mean number of laboratory tests performed across all hospitals for pneumonia and 7 were above the mean number of laboratory tests performed across all hospitals for cellulitis ( Figure 1 ). Mean LOS did not vary by hospital type for either condition (Table 2) . Mortality during the hospital encounter was lower at major teaching hospitals for patients with pneumonia (major teaching hospitals, 0.7%; minor teaching hospitals, 1.3%; and nonteaching hospitals, 1.2%; P = .03), but no difference in mortality was observed for patients with cellulitis (major teaching hospitals, 0.2%; minor teaching hospitals, 0.1%; and nonteaching hospitals, 0.1%; P = .68). No difference in mortality was observed for either condition when restricting to hospitalized patients with the lowest severity of illness. When patients with hyponatremia, acute anemia, and/or acute kidney injury were removed from the analyses, mean number of laboratory tests per day remained highest at major teaching hospitals for both conditions (pneumonia: major teaching hospitals, 12.69; minor teaching hospitals, 9.35; and nonteaching hospitals, 8.71; P < .001; cellulitis: major teaching hospitals, 9.97; minor teaching hospitals, 8.15; and nonteaching hospitals, 7.02; P < .001) and across all illness severity categories (eTable 1 in the Supplement). With the removal of hospitalizations from the outlier major teaching hospital, the magnitude of the difference between hospital types decreased but still remained highest for major teaching hospitals (pneumonia: major teaching hospitals, 11.25; minor teaching hospitals, 9.48; and nonteaching hospitals, 8.92; 
Hospital-Level Comparisons
Correlation of Laboratory Test Ordering Patterns Across Conditions
There was an association between mean number of laboratory tests per day for pneumonia and cellulitis at the hospital level (r = 0.79; P < .001) (Figure 2 ), such that hospitals that had The score indicates the extent of physiological decompensation and ranges in a discrete scale from 1 to 4 (1 = minor, 2 = moderate, 3 = major, and 4 = extreme).
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Original Investigation Research jamainternalmedicine.com (Reprinted) JAMA Internal Medicine January 2018 Volume 178, Number 1 43 more laboratory tests ordered for patients with pneumonia also had more laboratory tests ordered for patients with cellulitis. There was no correlation between mean number of laboratory tests per day and mortality for either condition at the hospital level.
Association Between Laboratory Test Ordering and Hospital Type
Generalized mixed linear regression analysis indicated an association between mean number of laboratory tests per day and major teaching hospital status for each condition when compared with nonteaching hospitals and after adjustment for patient and encounter covariates (pneumonia: relative rate, 1.40; 95% CI, 1.25-1.57; and cellulitis: RR, 1.35; 95% CI, 1.19-1.54; eTables 2 and 3 in the Supplement). There was a signifi- 15 The score indicates the extent of physiological decompensation and ranges in a discrete scale from 1 to 4 (1 = minor, 2 = moderate, 3 = major, and 4 = extreme). 
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cant difference in the marginal effect of hospital teaching status on mean number of laboratory tests per day between major teaching and nonteaching hospitals for both conditions (difference in marginal mean number of laboratory tests per day for pneumonia, 3.58; 95% CI, 2.61-4.55; P < .001; difference in marginal mean number of laboratory tests per day for cellulitis, 2.61; 95% CI, 1.76-3.47; P < .001) ( Table 3) .Other factors significantly associated with increased laboratory testing varied by condition. For the cellulitis model these factors included severity of illness, LOS, age 35 to 54 years and 55 to 74 years, black race, Non-Hispanic ethnicity, uninsured patients, urgent and direct admissions, and patients discharged to home with home health care, skilled nursing facilities, and other locations when compared with the relevant reference group (eTable 2 in the Supplement). For the pneumonia model these factors included severity of illness, age, male sex, LOS, NonHispanic ethnicity, black and Asian or Pacific Islander race, urgent and direct admissions, and patients with a discharge disposition of deceased (eTable 3 in the Supplement).
The results from the sensitivity analyses restricted to hospitalizations with the lowest severity of illness also indicated a significant difference in the marginal effect of teaching status on mean number of laboratory tests per day between major teaching and nonteaching hospitals for pneumonia and cellulitis (Table 3) . When excluding patients with hyponatremia, acute anemia, or acute kidney injury, we obtained a similar magnitude of difference in the marginal effect of teaching status as the base model for both conditions (Table 3) . Additional sensitivity analyses excluding 1 major teaching hospital outlier resulted in decreased magnitude of the marginal effect of teaching status when compared with the base model, but the marginal effect of major teaching hospital status on mean number of laboratory tests per day remained significantly higher for each condition (Table 3) .
Discussion
In this cross-sectional study, patients hospitalized with 2 common conditions, pneumonia or cellulitis, at teaching hospitals had significantly more laboratory tests ordered compared with patients admitted with the same conditions to nonteaching hospitals. This association remained significant after multiple adjustments for illness severity, LOS, and patient demographics. Several sensitivity analyses also supported these findings, including removing the biggest hospital outlier from our data set and excluding patients who might have reasons for multiple laboratory tests, such as anemia, acute kidney injury, or hyponatremia. In addition, mean number of laboratory tests per day for pneumonia and cellulitis at the hospital level was highly correlated; thus, these laboratory test ordering practices are unlikely to be condition specific but rather associated with generalized practices within the training environment. These results provide evidence to support the common perception that residency training environments are associated with a culture of increased laboratory testing.
The size of the effect we discovered for each condition was approximately 3.6 additional laboratory tests per day for pneumonia and 2.6 additional laboratory tests per day for cellulitis. To illustrate this effect in a single hospital stay, consider a 42-year-old African American man with Medicaid insurance coverage who presented to the emergency department with community-acquired pneumonia, required a b Illness severity 1 refers to the lowest score assigned from the Texas Inpatient Public Use Data File, which is an assignment of a severity of illness score from the All Patient Refined (APR) Diagnosis Related Group (DRG) from the 3M APR-DRG Grouper. 15 Covariates included in the generalized linear mixed-effect models included: illness severity score, length of stay, sex, age, race, ethnicity, admission type, discharge disposition, and payer. Hospital was included as a random effect. Illness severity was not included in models restricted to illness severity 1.
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Original Investigation Research jamainternalmedicine.com (Reprinted) JAMA Internal Medicine January 2018 Volume 178, Number 1 45 4-night hospital stay, was discharged to home, and whose hospitalization was assigned an illness severity of 2. Our model estimates that if this patient were admitted to a nonteaching hospital, he would receive 10 laboratory tests per day during his hospitalization, for a total of 40 laboratory tests, whereas if he were admitted to a major teaching hospital he would receive 13 laboratory tests per day, for a total of 52 laboratory tests, which is a 30.0% increase in use of laboratory testing.
Our study used an all-payer database to examine practices across hospitals in the large state of Texas. Our results differ from those found in a study comparing test ordering by supervised residents vs attending physicians in an emergency department where resident involvement did not affect the odds of ordering blood tests.
10 Unlike this emergency department study, our study focused on the inpatient setting and investigated laboratory testing during the course of an inpatient stay, rather than as a binary outcome showing simply whether laboratory tests were ordered or not in a given case. Another study comparing resource use for pediatric inpatients diagnosed with sepsis across hospital types found higher LOS, number of procedures, and cost for patients treated at teaching hospitals when compared with nonteaching hospitals, even after stratifying by severity of illness.
18
Owing to the presumption that many inpatient laboratory tests are unnecessary, there have been several previously described interventions focused on reducing laboratory testing within academic medical centers, 19,20 including some specifically aimed at the ordering practices of resident physicians. 21, 22 Our study supports the need for further investigation of these types of efforts in training environments. Although our study does not focus on the outcomes of patients with pneumonia and those with cellulitis across hospital types, we do have evidence that mortality for patients with pneumonia is lower at major teaching hospitals when compared with minor teaching and nonteaching hospitals. This result is supported by a recent analysis that found decreased 30-day mortality among Medicare patients at major teaching hospitals compared with nonteaching hospitals for many conditions, including patients with pneumonia.
23 It is unlikely, although possible, that this difference in mortality could be associated with increased laboratory test ordering. Our data show no correlation between hospital-level mean number of laboratory tests per day and hospital-level encounter mortality. Our data also show that patients with pneumonia at major teaching hospitals are sicker, perhaps leading to learned behaviors by trainees of ordering more laboratory tests. Perhaps higher rates of testing are justified for a substantial fraction of patients in teaching hospitals, but this behavior may then spill over to less acutely ill patients, such as patients with the lowest illness severity or those with less severe conditions such as cellulitis, for whom we observed no difference in mortality yet still saw a pattern of increased laboratory tests at major teaching hospitals. If this phenomenon exists it could complicate generalized efforts to reduce testing at academic medical centers and could even lead to harm if there is an overall nontargeted reduction in testing.
Limitations
Our study has some limitations. First, we relied on administrative billing data, which may not accurately capture diagnoses. Second, we measured illness severity as a score from an APR-DRG Grouper, which incorporates the severity of all diagnoses and procedures assigned to an encounter. It is possible that there are additional confounders associated with the severity of illness that are not captured. Third, we analyzed laboratory test ordering practices at the level of the hospital, so we could not truly differentiate between laboratory tests ordered by trainees vs those ordered by attending physicians or other health care professionals such as nurse practitioners or physician assistants within major teaching hospitals. Given the recent growth of services covered by non-resident physicians in many academic medical centers, this limitation may be relevant; however, the main finding that academic medical centers order significantly more tests compared with nontraining sites is still valid. In addition, our results apply only to hospitals with larger volumes of patients diagnosed primarily with pneumonia and cellulitis. The results do not apply to patients who were excluded from our analyses, including those with an abnormally long LOS, pediatric patients, and those who were admitted to an intensive care unit at any time during their hospitalization. Furthermore, the effect of teaching hospital status on laboratory test ordering behavior is variable and depends on many factors. With our current analyses, we are unable to determine the factors underlying this behavior between different hospitals. Finally, there does not seem to be good evidence measuring national rates of daily laboratory test ordering in US hospitals; thus, we are unable to confirm that our rates are representative outside of Texas.
Conclusions
Our study demonstrated that, in nearly 100 hospitals, patients with 2 common inpatient conditions who were treated in major teaching hospitals had significantly more laboratory tests per day when compared with patients seen at nonteaching hospitals, after adjusting for differences in illness severity and other patient characteristics. Future work should examine potential cultural differences between training vs nontraining environments and how these differences may contribute to increased laboratory use for conditions that do not routinely require laboratory testing. 
